To study the role of lateral non-homogeneity on backscattering analysis of paintings, a simplified model of paint consisting of randomly distributed spherical pigment particles embedded in oil/binder has been developed. Backscattering spectra for lead white pigment particles in linseed oil have been calculated for 3 MeV H + at a scattering angle of 165° for pigment volume concentrations ranging from 30 vol.% to 70 vol.% using the program STRUCTNRA. For identical pigment volume concentrations the heights and shapes of the backscattering spectra depend on the diameter of the pigment particles: This is a structural ambiguity for identical mean atomic concentrations but different lateral arrangement of materials. Only for very small pigment particles the resulting spectra are close to spectra calculated supposing atomic mixing and assuming identical concentrations of all elements.
Introduction
Ion beam analysis (IBA) methods are often applied for the quantitative elemental analysis of objects from cultural heritage, such as archaeological artefacts or paintings [1, 2] . Typically an external beam of 2-3 MeV protons is used [3] and elastic backscattering spectroscopy (EBS), particle induced X-ray emission (PIXE) and particle induced -ray emission (PIGE) data are combined [4] . The measured spectra are being used for quantitative depth profiling of elements and for the determination of total amounts of trace elements [5] . Different beam types (for example 4 He beams) are sometimes used alternatively or complementary. The EBS spectra provide quantitative information about concentration and depth profiles of light elements (especially C and O) and of the main heavy constituents, while the PIXE/PIGE spectra are typically used to identify trace elements.
On paintings, the paint layer typically consists of color pigments in the form of powder embedded in oil or binder. Linseed oil, a mixture of 52-55% linolenic acid C 18 have been used during the last few hundred years [6] . Some pigments are low-or medium-Z materials such as charcoal or titanium white TiO 2 , but most color pigments contain high-Z elements such as lead white (PbCO 3 ) 2 •Pb(OH) 2 or PbSO 4 •3PbO•H 2 O, lithophone white BaSO 4 + ZnS, cadmium orange/red CdS + CdSe and many others. The diameter of the pigment particles can vary over a wide range from several 100 nm to several 10 µm [7, 8] , the volume fraction of the pigments (usually called pigment volume concentration (PVC)) is typically between 20 and 70 vol.% [7, 9] .
This microstructure of paint is usually neglected in the analysis of IBA spectra. Popular simulation codes for the evaluation of IBA spectra [10] assume atomic mixing of all elements.
The distribution of elements is assumed to be homogeneous in lateral direction (i.e. parallel to the surface) and to vary only with depth (i.e. perpendicular to the surface): The distribution of elements then can be described by concentration depth profiles for each element.
However, as has been already demonstrated in [11] the analysis of backscattering spectra from heterogeneous multi-phase materials such as paint can get ambiguous and extracted depth profiles can get inaccurate if a multi-phase material with lateral distribution of materials is approximated to be laterally homogeneous: This approximation is only valid if the constituents 3 are sufficiently small but fails if the constituents get larger. This is a structural ambiguity and represents a potentially serious problem for the quantitative application of IBA methods to cultural heritage objects like paintings.
The examples in [11] are, however, idealized and not directly applicable to paint layers. This paper therefore presents a more realistic model for the microstructure of paint and investigates the consequences for the quantitative analysis of EBS spectra from lead white pigment particles in linseed oil.
Computer simulation

Simulation of spectra
EBS spectra from idealized paint layers were calculated using the program STRUCTNRA [11] . SIMNRA 6.98 [12, 13] was used as simulation kernel. SRIM-2003 stopping powers [14] and SigmaCalc non-Rutherford scattering cross-sections from carbon and oxygen were used [15] . Multiple small-angle scattering was taken into account as energy spread, dual large-angle scattering [16] was neglected. An intercomparison between the codes STRUCTNRA [11] , RBS-MAST [17] , CORTEO [18] and F95-Rough [19] showed very good agreement between all codes as well as with experimental data of 4 He ions backscattered from a grid structure [20] .
The sample structure was created as described in section 2.2 and was imported into STRUCTNRA in 24-bit bitmap (BMP) format. Each color in the image represented a material consisting of its elements and a mass density. Pixels were assumed to be squares, periodic boundary conditions were applied in horizontal direction. Trajectories of incident particles started at quasirandom starting points at the upper edge of the image aiming towards the bottom edge.
Depth profiles were derived from the spectra using MultiSIMNRA [21] assuming atomic mixing of all elements. The same input parameters (stopping powers, cross-sections, particles times steradians etc.) as in the STRUCTNRA simulations were used.
Microstructure of paint
An idealized model of paint has been implemented. Paint is represented as a three-dimensional random distribution of spherical equally sized color pigment particles embedded in a matrix of oil/binder, see Fig. 1 . The sample volume has an adjustable number of pixels in horizontal and vertical directions; the perpendicular direction (i.e. perpendicular to the paper plane in Fig. 1) has a size of two pigment particle diameters. Periodic boundary conditions are applied in horizontal and perpendicular direction. Only the central plane of the sample volume is used for further simulations by STRUCTNRA and is shown in Fig. 1 . Due to the random arrangement of the spheres in 3 dimensions the diameter of the circles visible in the cross-sectional plane shown in Fig. 1 varies depending on the perpendicular position of the sphere relative to the paper plane.
The arrangement of the spherical pigment particles can follow either overlapping or non-overlapping models, see Fig. 1 . Within the overlapping model pigment volume fractions from 0-100 vol.% can be realized, the non-overlapping case allows only pigment volume fractions up to about 35 vol.%.
Three different surface models are available representing sample surfaces generated by cutting, 
Results and discussion
Typical sample structures for a pigment volume concentration of 30 vol.% and 2.5 µm, 10 µm and 50 µm pigment particle diameter are shown in Fig. 2 (left). The samples have overlapping pigment particles and a cut through the pigments at the surface. All samples consist of linseed oil with a mean composition of C 18 H 31 O 2 and a mass density of 0.93 g/cm 3 (grey) and lead white 2PbCO 3 ·Pb(OH) 2 with a mass density of 6.14 g/cm 3 (white), see Table 1 . Sample sizes used for the simulations were 4096x100 pixels with a pixel size of 500 nm, corresponding to sample sizes of 2048x50 µm 2 . Due to the size of the samples only about 10% of their horizontal extension is shown in Fig. 2 .
Simulated spectra for 3 MeV incident protons at a scattering angle of 165° are shown in Fig. 2 (right) for the different samples. A detector resolution of 15 keV was assumed. The spectrum 5 for infinitesimally small pigment particles corresponds to atomic mixing of all elements and was calculated using SIMNRA, all other spectra were calculated using STRUCTNRA.
For 2.5 µm pigment particle diameter the spectrum is close to the spectrum for infinitesimally small pigment particles, only the part of the spectrum close to the high energy edge shows some differences. For increasing pigment particle diameter the spectra show increasingly larger differences, especially for the Pb signal. It should be kept in mind that the mean sample composition does not change with changing pigment particle diameter but is constant throughout the whole sample depth at a pigment volume concentration of 30 vol.% (corresponding to 23.1 at.% lead white, see Table 1 ). Different spectra for identical mean sample composition but different lateral arrangement of elements represent a structural ambiguity as already described in [11] for a chessboard-like arrangement of elements. Black hollow dots mark the spectrum for a pigment volume concentration of 30 vol.% and a pigment particle diameter of 25 µm. This spectrum is already shown in Fig. 2 (orange line).
The black line in Fig. 3 is a spectrum calculated for atomic mixing of H, C, O, and Pb using the concentration depth profile shown in Fig. 4 (orange line). Both spectra are practically indistinguishable. In the depth profile the atomic concentration of lead white decreases to about 10 at.% at the surface while the true mean atomic concentration of lead white in this sample is constant 23.1 at.% until the sample surface. This example shows that EBS spectra from heterogeneous materials like paint are generally ambiguous: The same spectrum can be obtained from a heterogeneous arrangement of the materials in different phases or from an atomic mix of the constituting elements with some depth distribution. But in general the mean atomic concentrations are not identical! Analysis of an EBS spectrum from a heterogeneous sample assuming atomic mixing of the constituting elements therefore in general will result in quantitatively incorrect results. This is the structural ambiguity already discussed in [11] . It is basically a stopping power effect. Identical problems therefore have to be expected also for NRA or ERD spectra.
Depth profiles derived from the spectra shown in Fig. 2 assuming atomic mixing are shown in Fig. 4 . In the vicinity of the surface the derived atomic concentration of the pigment is always smaller than the real concentration, for pigment particle diameters of 25 and 50 µm the deviation of the derived pigment concentration from the real concentration is within a factor of 2-3. It has to be stressed again that this deviation is observed despite the fact that the spectrum based on the depth profile and the spectrum based on spherical pigment particles are almost indistinguishable, as shown as example in Fig. 3 . The depth range where an incorrect pigment concentration is derived ranges from the very surface to a depth of roughly one sphere diameter. In larger depths the correct pigment concentration is obtained.
Typical sample structures and simulated spectra for 3 MeV H + backscattered from lead white in linseed oil are shown in Fig. 5 for a pigment volume concentration of 50 vol.%. The true mean atomic concentration of lead white in all samples is 41.2 at.%, see Table 1 . Depth profiles derived from the spectra shown in Fig. 5 assuming atomic mixing of all constituting elements are shown in Fig. 6 . In the vicinity of the surface the derived atomic concentration of the pigment is always smaller than the real concentration, for pigment particle diameters of 25
and 50 µm the deviation of the derived pigment concentration from the real concentration is within a factor of about 2.
The same as above is shown in Figs. 7 and 8 for a pigment volume concentration of 70 vol.%.
The true mean atomic concentration of lead white in these samples is 62.1 at.%, see Table 1 . In the vicinity of the surface the derived atomic concentration of the pigment is always smaller than the real concentration, for pigment particle diameters of 25 and 50 µm the deviation of the derived pigment concentration from the real concentration is within a factor of about 1.5.
Typical sample structures and simulated spectra for 3 MeV H + backscattered from lead white in linseed oil are shown in Fig. 9 for a pigment volume concentration of 30 vol.%, non-overlapping pigment particles, and the submersion model with 5 µm, 10 µm and 25 µm pigment particle diameter. The true mean atomic concentration of lead white is shown in 
